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Extracellular matrix (ECM) remodeling is critical for
organogenesis, yet its molecular regulation is poorly
understood. In zebrafish, asymmetric migration of
the epithelial lateral plate mesoderm (LPM) displaces
the gut leftward, allowing correct placement of the
liver and pancreas. To observe LPM migration at
cellular resolution, we transgenically expressed
EGFP under the control of the regulatory sequences
of the bHLH transcription factor gene hand2. We
found that laminin is distributed along the LPM/gut
boundary during gut looping, and that it appears to
become diminished by themigrating hand2-express-
ing cells. Laminin diminishment is necessary for LPM
migration and is dependent on matrix metalloprotei-
nase (MMP) activity. Loss of Hand2 function causes
reducedMMPactivity and prolonged laminin deposi-
tion at the LPM/gut boundary, leading to failed asym-
metric LPM migration and gut looping. Our study
reveals an unexpected role for Hand2, a key regulator
of cell specification and differentiation, in modulating
ECM remodeling during organogenesis.
INTRODUCTION
The extracellular matrix (ECM) not only provides a scaffold to
support organ structure but also regulates cell-cell communica-
tion, proliferation, differentiation, and migration. Within tissues,
the ECM constantly undergoes degradation and reassembly
(reviewed by Vu and Werb, 2000; Page-McCaw et al., 2007;
Daley et al., 2008). Dysregulation of ECM remodeling can lead
to tumor progression and other diseases (reviewed by Freije
et al., 2003). The basement membrane is a specialized ECM
that surrounds epithelial, endothelial, and nerve cells. Cleavage
of the basement membrane is conducted by proteases such
as matrix metalloproteinases (MMPs) (reviewed by Vu and
Werb, 2000), and is important for morphogenetic events such
as anchor cell invasion in Caenorhabditis elegans (Sherwood
and Sternberg, 2003), imaginal disc eversion in DrosophilaDevel(Srivastava et al., 2007), and branching morphogenesis of
multiple organs in various species (reviewed by Affolter et al.,
2003). Despite the importance of ECM remodeling, only a few
signaling pathways and their transcriptional effectors have
been reported to regulate this process (Sherwood and Stern-
berg, 2003; Srivastava et al., 2007).
Visceral organs are surrounded by a basementmembrane that
mediates mesoderm-endoderm interactions critical for organo-
genesis. In amniotes and zebrafish, the epithelial lateral plate
mesoderm (LPM) determines the chirality of gut looping and
thus the asymmetric position of the digestive organs (Horne-
Badovinac et al., 2003; Davis et al., 2008; Kurpios et al., 2008).
The involvement of ECM remodeling in this process has not yet
been addressed.
During zebrafish gut looping, the left LPM migrates dorsal to
the gut and the right LPM migrates ventrolateral to the gut
(Horne-Badovinac et al., 2003), and this asymmetric migration
displaces the gut to the left. The asymmetric LPM migration
occurs specifically within the gut-looping region, and requires
functional left/right gene expression and establishment of
epithelial polarity within the LPM (Horne-Badovinac et al.,
2003). The cellular and molecular mechanisms that drive LPM
migration are poorly understood. Altering components of
signaling pathways such as Fgf (Albertson and Yelick, 2005),
Bmp (Chocron et al., 2007; Shin et al., 2007), Wnt (Lin and Xu,
2009), and molecules involved in ciliogenesis (Essner et al.,
2005) interrupts gut looping. These molecules act upstream of
the left/right genes, and thus aremore likely to affect the laterality
of the asymmetric LPM migration rather than the actual
migratory behavior of the LPM cells. During gut looping, the
LPM expresses several transcription factor genes, including
the bHLH gene heart and neural crest derivatives expressed
transcript 2/hand2 (Angelo et al., 2000; Yelon et al., 2000).
Most studies to date have focused on the roles of Hand2 in
cell specification and differentiation (Srivastava et al., 1995,
1997; Charite et al., 2000; Yamagishi et al., 2000; Yelon et al.,
2000; Lucas et al., 2006). We have previously reported that
Hand2 regulates the epithelial polarity of myocardial precursors
in zebrafish (Trinh et al., 2005). Whether Hand2 also plays a role
in cell migration is not known.
Here we reveal the requirement of ECM remodeling during
the asymmetric migration of the LPM in zebrafish. We charac-
terize the LPM migration at a cellular level by examiningopmental Cell 18, 973–984, June 15, 2010 ª2010 Elsevier Inc. 973
Figure 1. Examination of Tg(hand2:EGFP) Embryos Reveals Novel Cell Rearrangements during LPM Migration
(A–E) Time course analysis of Tg(hand2:EGFP) expression in the LPM during gut looping. Ten Tg(hand2:EGFP) embryos were fixed every hour between 24 and
30 hpf, and stained for GFP (green) and phalloidin (red).
(F) Diagram of LPMmigration. The gut is in yellow, the left LPM is in red, the right LPM is in blue, and the Tg(hand2:EGFP)-expressing cells are in green. The dark
red line represents the apical side of the LPM epithelium. Arrows indicate the direction of migration of the Tg(hand2:EGFP)-expressing cells.
(G–K) Perturbing spaw function randomized the laterality of the rearrangements of the Tg(hand2:EGFP)-expressing cells. Compared to uninjected controls
(G; n = 12), of 53 embryos injected with 10 ng of spaw MO, 30% showed the wild-type pattern (H); 25% showed the reverse pattern (I); 28% had both the left
and right LPM migrate on top of the gut while the Tg(hand2:EGFP)-expressing cells on both sides remained ventral (J); and 17% had both the left and right
LPM migrate ventrally and the Tg(hand2:EGFP)-expressing cells on both sides ‘‘rolled’’ dorsally (K).
All images are transverse sections, dorsal to the top. Dashed lines outline the LPM. L, left; NC, notochord; R, right; So, somite. The scale bar represents 10 mm.
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Hand2 Regulates ECM RemodelingTg(hand2:EGFP)pd24 embryos (K.K. and K.D.P., unpublished
data), and uncover the apparent diminishment of laminin deposi-
tion by the Tg(hand2:EGFP)-expressing cells at the LPM/gut
boundary. We also provide a novel mechanism by which
Hand2 regulates laminin assembly and thereby contributes to
cell migration and organogenesis.
RESULTS
Examination of the Tg(hand2:EGFP) Line Reveals Novel
Cell Rearrangementswithin the LPMduringGut Looping
To study the cell behaviors underlying LPM migration, we
collected Tg(hand2:EGFP) embryos every hour between 24
and 30 hr postfertilization (hpf), and examined EGFP expression
in the LPMbetween the first and third somites, where gut looping
occurs (Horne-Badovinac et al., 2003; see Experimental Proce-
dures). At 24 hpf, the left and right LPM are located lateral to
the gut (Figure 1A). Each side has a U-shaped structure com-
posed of two rows of epithelial cells, with Tg(hand2:EGFP)
expression surprisingly restricted to the ventral half. Tg(han-
d2:EGFP) expression mimics the expression of hand2 mRNA
(see Figures S1A and S1B available online). From 24 to 26 hpf,
the left and right LPM converge to the midline by migrating on
top of the gut (Figure 1B). Between 26 and 30 hpf, the LPM974 Developmental Cell 18, 973–984, June 15, 2010 ª2010 Elsevier Iundergoes asymmetric migration: whereas the right LPMmoves
ventrolateral to the gut, the left LPM migrates dorsal to the gut
(Figures 1C–1F) (Horne-Badovinac et al., 2003).
Interestingly, the distribution of the Tg(hand2:EGFP)-express-
ing cells also becomes asymmetric (Figures 1C–1F): in the right
LPM, the ventral half loses four Tg(hand2:EGFP)-expressing cells
between 24 and 30 hpf, while the dorsal half gains four Tg(hand2:
EGFP)-expressing cells at its most medial portion (ten embryos
per time point were examined). Because cell proliferation or
apoptosis rarely occurs within the LPM of the gut-looping region
during this period (we observed on average one cell division and
one instance of apoptosis out of six embryos examined at each
time point), we propose that in the right LPM, the four medial
most Tg(hand2:EGFP)-expressing cells ‘‘roll’’ from the ventral
half to the dorsal half (Figure 1F). In the left LPM, however, the
ventral half contains seven Tg(hand2:EGFP)-expressing cells
and four Tg(hand2:EGFP)-nonexpressing cells throughout the
time course of the analysis, suggesting that the cell rearrange-
ment observed in the right LPM does not occur in the left LPM.
Asymmetric LPM migration is controlled by left/right gene
expression (Horne-Badovinac et al., 2003). In embryos injected
with an antisense morpholino (MO) targeted against the Nodal-
related gene southpaw/spaw (Long et al., 2003), the left-specific
gene expression in the LPM is abolished, and the directionality ofnc.
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Hand2 Regulates ECM RemodelingLPM migration and gut looping is randomized (Figures 1H–1K;
Horne-Badovinac et al., 2003). The rearrangements of the
Tg(hand2:EGFP)-expressing cells were randomized in spaw-
deficient embryos, suggesting that these cell behaviors are
also regulated by left/right gene expression (Figures 1H–1K).
By carefully examining Tg(hand2:EGFP) embryos, we discov-
ered novel cell rearrangements within the LPM during gut looping.
These behaviors are regulated by left/right gene expression and
correlate with the directionality of LPMmigration and gut looping.
Bmp Signaling Regulates hand2 Expression in the LPM
Prior to asymmetric LPMmigration, Tg(hand2:EGFP) expression
is restricted to the ventral half of the LPM within the gut-looping
region (Figure 1A). Bmp signaling has been shown to regulate
hand2 expression both in vitro and in vivo (Howard et al., 2000;
Xiong et al., 2009). In zebrafish, bmp2b is expressed in the
LPM (Figure 2A) (Chung et al., 2008), and the Bmp antagonist
genes chordin and noggin 2 are expressed in the ventral portion
of the somites directly adjacent to the LPM (Figure 2B; Furthauer
et al., 1999). It was thus plausible that bmp2b induced hand2
expression in the LPM, whereas Bmp antagonists in the somites
restricted its expression to the ventral half. Consistently, we
found that the Tg(hand2:EGFP)-expressing LPM cells expressed
higher levels of phosphorylated Smad (Tucker et al., 2008) than
the Tg(hand2:EGFP)-nonexpressing LPM cells, indicating higher
levels of Bmp signaling (Figures 2C–2E). To further test the
relationship between Bmp signaling and hand2 expression, we
utilized the Tg(hsp70l:bmp2b)f13 line where bmp2b expression
can be induced ectopically by heat-shock treatment (Chocron
et al., 2007). When bmp2b overexpression was induced at the
21-somite stage (19.5 hpf), the LPMwithin the gut-looping region
still consisted of two rows of epithelial cells (Figures 2G and 2H).
However, Tg(hand2:EGFP) expression was observed throughout
the LPM rather than being restricted ventrally.
We performed the reverse experiment using the Tg(hsp70l:
dnBmpr-EGFP)w30 line to inhibit Bmp signaling (Pyati et al.,
2005). When Bmp signaling was blocked at the 21-somite stage,
hand2 expression in the LPM was reduced in 68% of the
embryos and absent in the other 32% (Figures 2J and 2K). Mean-
while, expression of another LPM marker, wnt2bb (Ober et al.,
2006), was still present in these embryos (30/30), indicating
that the reduction of hand2 expression was not due to a loss of
LPM (Figures 2M and 2N).
It has been shown that Bmp signaling is required during early
segmentation for visceral organ laterality (Chocron et al., 2007).
We found that manipulation of Bmp signaling at the 5-somite
stage affected hand2 expression at least by the 15-somite stage
(Figures S1C–S1E). Consistent with the previous study, these
animals rarely exhibited leftward gut looping (Figures S1F,
S1G, S1L, and S1M). In contrast, over 70% of the embryos
underwent leftward gut looping when we altered Bmp signaling
at the 21-somite stage (Figures 2F–2H and 2O–2Q).
Taken together, the results of these gain- and loss-of-function
experiments indicate that Bmp signaling regulates hand2
expression in the LPM.
Hand2 Function Is Required for LPM Migration
Hand2 is a key regulator of cell specification and differentiation,
but its role in cell migration has not been addressed. ConsideringDevelits intriguing expression pattern in the LPM, we asked whether
Hand2 was involved in the asymmetric migration of the LPM.
We studied gut morphology in hands-off/hanc99 mutants that
carry a mutation in the hand2 gene (Yelon et al., 2000). As
revealed by expression of the gut marker foxa3 (Chen et al.,
2001), the gut has looped to the left in wild-type and hanc99+/
embryos by 35 hpf, but stayed in the midline in 94% of hanc99
mutants (Figure 3A, upper panel). At 48 hpf, wild-type embryos
display asymmetric placement of the liver and pancreas on the
left and right side of the gut, respectively. In contrast, 100% of
the hanc99 mutants analyzed exhibit duplication of the liver and/
or pancreas (Figure 3A, lower panel), a phenotype commonly
associated with impaired gut looping (Chen et al., 2001; Horne-
Badovinac et al., 2001). We found the same defects in another
hand2 allele, hans40/ (Beis et al., 2005; data not shown).
Asymmetric LPM migration relies on the establishment of
epithelial polarity and left/right gene expression (Horne-Badovi-
nac et al., 2003). The hanc99/ myocardial precursors exhibit
polarity defects (Trinh et al., 2005). However, the LPM cells in
the gut-looping region adopt a columnar shapewith strong apical
localization of F-actin, aPKCl/x, and ZO-1 (Figures 3C–3H;
FiguresS2AandS2B;datanot shown), indicatingan intact epithe-
lial polarity. To investigate whether loss of Hand2 affects left/right
gene expression, we examined spaw expression in hanc99
mutants. At the 20-somite stage (19 hpf), spaw is expressed in
the left LPM in wild-type and hanc99+/ embryos, but is absent
from the LPM in most hanc99 mutants (Figure 3B), suggesting
that Hand2 acts, at least in part, upstream of the left/right genes.
Wemonitored the behavior of the Tg(hand2:EGFP)-expressing
cells in hanc99 mutants. Between 24 and 26 hpf, the LPM
converges to the midline and lays on top of the gut, similar
to wild-type at equivalent stages (Figures 3C and 3D). The
Tg(hand2:EGFP)-expressing cells are restricted ventrally on
both sides, suggesting that the dorsal-ventral patterning of the
LPMstill occurs in hanc99mutants. From 27 hpf onward, whereas
the wild-type LPM undergoes asymmetric migration (Figures
1C–1E), the LPM in hanc99 mutants remains on top of the gut
and does not move any further (Figures 3E–3G). None of the
Tg(hand2:EGFP)-expressing cells in the left or right LPM ‘‘roll’’
dorsally as seen in wild-type (Figure 3H).
Although hanc99 mutants lack spaw expression in the LPM,
their LPM migration defects are distinct from those observed
in spaw-deficient embryos: in spaw-deficient embryos, the later-
ality of the Tg(hand2:EGFP)-expressing cell rearrangements and
the asymmetric LPM migration is randomized (Figures 1H–1K).
However, in hanc99mutants, the asymmetric cell rearrangements
fail to occur and LPM migration is stalled (Figures 3C–3H). The
different phenotypes of spaw- and hand2-deficient embryos
imply that loss of left/right gene expression alone cannot account
for the LPM migration defects observed in hanc99 mutants.
hanc99 Embryos Exhibit Prolonged Laminin Deposition
along the LPM/Gut Boundary during LPM Migration
In amniotes, left/right asymmetries in ECM molecules within the
dorsal mesentery contribute to the chirality of midgut looping
(Davis et al., 2008; Kurpios et al., 2008). To explore the role of
the ECM in zebrafish gut looping, we analyzed the deposition
of laminin, a main component of the basement membrane. In
wild-type, punctate laminin expression appears along theopmental Cell 18, 973–984, June 15, 2010 ª2010 Elsevier Inc. 975
Figure 2. Bmp Signaling Regulates hand2 Expression in the LPM
(A and B) Within the gut-looping region of wild-type embryos, bmp2b (A) is expressed in the LPM, whereas chordin (B) is expressed in the ventral portion of
the somites. Dashed lines mark the somite/LPM boundary.
(C) Wild-type embryo stained for GFP (green) and phosphorylated Smad1/5/8 (red).
(D) The same embryo as shown in (C) but with red channel only. Dashed lines outline the LPM.
(E) Fluorescence intensity of the phosphorylated Smad staining in the LPM cells (mean ± SEM). Forty Tg(hand2:EGFP)-expressing cells and 40 Tg(hand2:EGFP)-
nonexpressing cells from seven wild-type embryos were analyzed. Asterisks indicate statistical significance: ***p < 0.001; ****p < 0.0001.
(F–H) Wild-type and Tg(hsp70l:bmp2b)f13 embryos were heat shocked at the 21-somite stage, and stained for GFP (green) and phalloidin (red) at 30 hpf. White
dashed lines outline the LPM. Yellow dashed linesmark themidline. Tg(hand2:EGFP) was expressedmostly in the ventral half of the LPM inwild-types (F), but was
expressed throughout the LPM in the gut-looping region in Tg(hsp70l:bmp2b)f13 embryos (G and H). Eight of 32 Tg(hsp70l:bmp2b)f13 embryos examined
exhibited no gut looping (G); the remaining 24 exhibited leftward gut looping (H).
(I–K) Compared to wild-type control (I), hand2 expression in the LPM (asterisks) was decreased (K) or absent (J) in Tg(hsp70l:dnBmpr-GFP)w30 embryos after heat
shock.
(L–N) Expression of wnt2bb in the LPM was present in wild-type and Tg(hsp70l:dnBmpr-GFP)w30 embryos after heat shock. Dashed lines outline the notochord
and LPM.
(O–Q) Phalloidin staining of wild-type control (O) and Tg(hsp70l:dnBmpr-GFP)w30 (P and Q) embryos. When heat shock was applied at the 21-somite stage, 9 of
34 embryos exhibited no gut looping (P); the remaining 25 exhibited leftward gut looping (Q). White dashed lines outline the LPM. Yellow dashed lines mark the
midline.
All images, except (I)–(K), are transverse sections, dorsal to the top. (I)–(K) are dorsal views, anterior to the top. L, left; NC, notochord; R, right. The scale bars
represent 40 mm. See also Figure S1.
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Figure 3. Hand2 Is Required for Gut Looping and LPM Migration
(A) foxa3 expression in wild-type and hanc99mutants. Upper panel: the gut has looped to the left by 35 hpf in wild-types (22/22), but stays in the midline in hanc99
mutants (17/18). Dashed lines mark the midline. Lower panel: in wild-type by 48 hpf, the liver and pancreas are positioned on the left and right side of the gut,
respectively (35/35). In hanc99 mutants, the liver (arrows) and/or pancreas (asterisks) is duplicated (12/12).
(B) At the 20-somite stage (19 hpf), spaw is expressed in the left LPM (arrows) in wild-types (70/70), but is absent from the LPM in most hanc99 mutants, or is
bilateral in a few hanc99 mutants.
(C–G) Time course analysis shows that the Tg(hand2:EGFP)-expressing cells in hanc99 mutants fail to undergo asymmetric rearrangements. Ten hanc99 mutants
were analyzed at each time point. Dashed lines outline the LPM.
(H) Diagram of LPMmigration in hanc99mutants. The gut is in yellow, the left LPM is in red, the right LPM is in blue, and the Tg(hand2:EGFP)-expressing cells are in
green. The dark red line represents the apical side of the LPM epithelium. Arrows indicate the direction of migration of the Tg(hand2:EGFP)-expressing cells.
(A and B) Dorsal views, anterior to the top.
(C–H) Transverse sections, dorsal to the top.
L, left; Li, liver; NC, notochord; Pa, pancreas; R, right; So, somite. The scale bars represent 50 mm. See also Figure S2.
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Hand2 Regulates ECM RemodelingLPM/gut boundary by 25 hpf (Figure 4A). As the LPM converges
to the midline and undergoes asymmetric migration, laminin
expression diminishes along the migratory path of the Tg(hand2:
EGFP)-expressing cells (Figures 4B and 4C, arrows). In contrast,
inmore than 87%of the hanc99mutants examined, laminin depo-
sition persisted along the entire LPM/gut boundary, even at the
spots immediately adjacent to the Tg(hand2:EGFP)-expressing
cells (Figures 4D–4F, arrows). This prolonged laminin deposition
could be due to altered expression of laminin genes or genes en-
coding proteins important for laminin assembly, such as integ-
rins. We FACS-sorted the Tg(hand2:EGFP)-expressing cells
from wild-type and hans40/ embryos at 28 hpf and performed
quantitative real-time PCR analysis (Figure S3A). None of the
laminin or integrin genes examined showed more than a 2-fold
difference in their expression levels between wild-type and
hans40mutants (Figure S3B), suggesting that the prolonged lam-
inin deposition observed in hand2 mutants is not due to altered
expression levels of these genes.
We previously reported that Fibronectin (Fn) protein deposi-
tion was disorganized and mislocalized in the heart primordium
in hand2 mutants (Trinh et al., 2005). Within the gut-looping
region, the expression level of the fn1 gene in the LPM seems
to be comparable between wild-type and hanc99 mutantsDevel(Figures S2C and S2D), and Fn protein is distributed continu-
ously along the LPM/gut boundary in bothwild-type andmutants
(Figures S2E and S2F). Thus, Hand2 appears to specifically
regulate laminin diminishment at the LPM/gut boundary.
We next tested whether laminin was required for LPM migra-
tion by examining lamininb1/lamb1s804 mutants (see Supple-
mental Experimental Procedures). Laminin appears to be
missing at the LPM/gut boundary in these mutants (Figures
4H–4J) and, in a majority of the animals, both the left and right
LPM lay on top of the gut at 30 hpf and the gut fails to loop
(Figure 4I), indicating the requirement of laminin in the asym-
metric LPM migration.
Given that hanc99 mutants exhibit prolonged laminin deposi-
tion along the LPM/gut boundary, we asked whether partial
removal of laminin could suppress the LPM migration defects
observed in these animals. We identified hanc99 mutants from
hanc99+/ or hanc99+/;lamb1s804+/ incrosses, and examined
foxa3 gene expression at 35 hpf. From the hanc99+/ incrosses,
90% of the hanc99 mutants exhibited no gut looping (Figure 4K).
From the hanc99+/;lamb1s804+/ incrosses, we analyzed only the
hanc99 single mutants that were not also lamb1s804/. Two-
thirds of them were expected to be lamb1s804+/ and the rest
were lamb1s804+/+ (see Supplemental Experimental Procedures).opmental Cell 18, 973–984, June 15, 2010 ª2010 Elsevier Inc. 977
Figure 4. hanc99 Mutants Exhibit Prolonged Deposition of Laminin at the LPM/Gut Boundary
(A–F) Time course analysis of Tg(hand2:EGFP) expression and laminin deposition during LPMmigration. Ten wild-type (A–C) and eight hanc99mutants (D–F) were
fixed at the stages indicated and stained for laminin (red) and GFP (green). Dashed lines outline the notochord.
(A–C) In wild-type, laminin becomes diminished along the migratory path of Tg(hand2:EGFP)-expressing cells (arrows).
(D–F) In hanc99 mutants, laminin deposition persists along the entire LPM/gut boundary (arrows).
(G) The LPM in lamb1s804 heterozygotes undergoes asymmetric migration (28/30).
(H–J) Out of 29 lamb1s804mutants examined, 6 showed incomplete asymmetric LPMmigration (H), 18 had both the left and right LPM remain on top of the gut (I),
and 5 had the LPM located lateral to the gut (J). Arrows point to the aberrant intrusion of LPM cells into the gut. Dashed lines outline the LPM.
(K) Percentages (mean ± SEM) of hanc99 mutants (n = 21) from hanc99+/ incrosses and hanc99 single mutants (n = 56) from hanc99+/;lamb1s804+/ incrosses
showing gut-looping phenotypes according to foxa3 expression. Three independent crosses were examined.
All images are transverse sections, dorsal to the top. L, left; NC, notochord; R, right. The scale bars represent 40 mm. See also Figure S3.
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looping (Figure 4K), suggesting that reducing laminin protein
partially suppresses the gut-looping defects in hanc99 mutants.
Notably, another 12% of these hanc99 single mutants exhibited
rightward looping, a phenotype that is never observed in the
hanc99 mutants from the hanc99+/ incrosses. Thus, Hand2
appears to regulate two separate steps during gut looping: first,
the establishment of left/right gene expression and second, the
asymmetric migration of the LPM.
ECM Remodeling by MMPs Is Essential
for Asymmetric LPM Migration
The fact that hanc99 mutant cells fail to diminish laminin deposi-
tion along the LPM/gut boundary prompted us to ask whether978 Developmental Cell 18, 973–984, June 15, 2010 ª2010 Elsevier IECM remodeling contributes to LPM migration and gut looping.
MMPs are proteolytic enzymes that cleave the ECM during
various biological processes (reviewed by Vu and Werb, 2000).
To investigate whether MMPs are involved in LPM migration,
we blocked MMP activity using the pan-MMP inhibitor
GM6001 (Bai et al., 2005). To avoid any potential impact on
left/right gene expression, we started the treatment at 24 hpf,
long after the establishment of left/right gene expression (Long
et al., 2003). Treatment with GM6001 from 24 to 30 hpf did not
cause any obvious defects in the overall morphology of the
embryo (data not shown). However, in 50% of the embryos,
both the left and right LPM remained on top of the gut (Figure 5B).
We also detected prolonged deposition of laminin along the
LPM/gut boundary in these animals (Figure 5C0), whereas thenc.
Figure 5. Asymmetric LPMMigration Requires the
Diminishment of Laminin by MMPs
(A and B) MMP inhibition blocked the asymmetric LPM
migration. Tg(hand2:EGFP) embryos were treated with
DMSO (A) or 10 mM GM6001 (B) from 24 hpf, and stained
for GFP (green) and phalloidin (blue) at 30 hpf. Dashed
lines outline the LPM.
(C and C0) Laminin (red) deposition was diminished
near the Tg(hand2:EGFP)-expressing cells in the DMSO-
treated controls (C, arrows), but persisted along the
entire LPM/gut boundary in GM6001-treated embryos
(C0, arrows).
(D) Proportions (mean ± SEM) of wild-type and hanc99+/
embryos showing gut-looping phenotypes according to
foxa3 expression. Three independent experiments were
conducted. Two hundred wild-type and 200 genotyped
hanc99+/ embryos treated with DMSO or 5 mM GM6001
were examined. Asterisks indicate statistical significance:
*p < 0.05; **p < 0.01.
(A–C0) Transverse sections, dorsal to the top. L, left; R,
right. The scale bar represents 40 mm. See also Figure S2.
Developmental Cell
Hand2 Regulates ECM Remodelingdeposition of Fn did not seem to be altered (Figures S2G and
S2H). Therefore, diminishment of laminin deposition by MMPs
is necessary for asymmetric migration of the LPM.
Hand2 Regulates MMP Activity during LPM Migration
The prolonged laminin deposition and failure of asymmetric LPM
migration observed in the MMP inhibitor-treated embryos are
strikingly similar to the phenotypes seen in hanc99 mutants
(Figures 4F and 5C0). It was thus plausible that hanc99 mutants
had reduced MMP activity, causing the defects in laminin dimin-
ishment and LPM migration. When treated with a low dose of
MMP inhibitor, a significantly higher proportion of hanc99 hetero-
zygotes thanwild-types showed gut-looping defects (Figure 5D).
This observation that hanc99 heterozygotes are more sensitive to
MMP inhibition than wild-types supports the hypothesis that
Hand2 regulates MMP activity during LPM migration.
To directly assess MMP activity in wild-type and hanc99/
embryos, we used an in vivo assay based on the injection and
in situ degradation of a quenched FITC-conjugated derivative
of type IV collagen (DQ-collagen IV) (Crawford and Pilgrim,
2005), a basement membrane protein. DQ-collagen is heavily
fluoresceinated so that it is only weakly fluorescent until proteo-
lytically cleaved. The increase in fluorescence upon digestion is
proportional to the proteolytic activity; thus, matrix proteolysis
can be visualized as an increment in the fluorescence signal.
We injected DQ-collagen into the axial tissue at the level of the
fourth somite, one-somite posterior to the gut-looping region
(Figure 6A), and examined the fluorescence 1 hr later. Strong
fluorescein signal was observed around tissues that undergo
active ECM remodeling (Figure 6B; Crawford and Pilgrim,
2005). We also detected fluorescence along the LPM/gutDevelopmental Cell 18,boundary, indicating the presence of MMP
activity (Figures 6B, 6D, and 6E). When the
MMP inhibitor GM6001 was injected into the
embryo prior to DQ-collagen IV injection,
the fluorescence signal became almost unde-
tectable, confirming that the conversion to fluo-
rescence is MMP dependent (Figure 6C).We coinjected DQ-collagen and Alexa549-conjugated col-
lagen into wild-type and hanc99 mutants every hour during the
course of gut looping and fixed the animals 1 hr later. We then
measured the fluorescence intensity of the fluorescein at a
spot next to the most medial tip of the leading Tg(hand2:
EGFP)-expressing cell in the left and right LPM (Figures 6D and
6E, orange and pink bars). The fluorescence intensity of
Alexa549 at the same spot was used as a reference to normalize
the fluorescein intensity, allowing a correction for local collagen
accumulation (Crawford and Pilgrim, 2005). Throughout the
gut-looping process, hanc99 mutants showed a clear reduction
in the normalized fluorescence intensity compared to wild-
type, indicating decreased MMP activity (Figure 6F).
Expression Levels ofmmps and Their Inhibitors
Are Altered in hand2 Mutants
Given that hand2 mutants show reduced MMP activity, we
decided to examine the expression of the genes encoding
MMPs and their inhibitors in these animals by quantitative
real-time PCR. Among the mmp genes that are expressed in
the Tg(hand2:EGFP)-expressing cells, the expression levels of
the genes encoding the gelatinases Mmp2 and Mmp9, collage-
nase Mmp13, and membrane-bound Mmp14b did not appear
to be significantly different between wild-type and mutants
(p > 0.07; data not shown). However, the expression of the gene
encoding membrane-bound Mmp14a was decreased in hand2
mutants (2.2 ± 0.2 -fold, p < 0.04), whereas the expression of
two tissue inhibitor of metalloproteinase genes, timp2a and
timp2b, was increased in the mutants (timp2a, 2.3 ± 0.2 -fold,
p < 0.01; timp2b, 2.4 ± 0.3 -fold, p < 0.03; Figure 7A). We
examined the expression of mmp14a, timp2a, and timp2b by973–984, June 15, 2010 ª2010 Elsevier Inc. 979
Figure 6. Loss of Hand2 Function Reduces MMP Activity along the LPM/Gut Boundary
(A) Diagram showing the microinjection of the DQ-collagen IV substrate into the embryo. Lateral view, anterior to the left. The blue dot marks the position where
gut looping occurs.
(B) Tg(hand2:EGFP) embryos were injected with DQ-collagen IV at 26 hpf, fixed at 27 hpf, and stained for GFP (blue) and phalloidin (red). The fluorescein signal
caused by cleavage of the DQ-collagen substrate is shown in green.
(C) In embryos preinjected with GM6001, almost no fluorescein signal could be detected.
(D and E) Wild-type (D) and hanc99/ (E) embryos were coinjected with DQ-collagen and Alex549-conjugated collagen at 27 hpf and fixed at 28 hpf. The spots
where the fluorescence intensity was measured are marked by pink and orange bars.
(F) MMP activity represented as normalized fluorescence intensity (mean ± SEM). Six wild-type and six hanc99 mutants were examined at each time point.
Asterisks indicate statistical significance: *p < 0.05.
(B–E) Transverse sections, dorsal to the top. L, left; NC, notochord; NT, neural tube; R, right; So, somite. The scale bars represent 40 mm.
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between wild-type and hanc99 mutants (Figure S4), probably
due to the low sensitivity of the assay. Tg(hand2:EGFP) is
strongly expressed in the fin bud (Figure S3A), yet we detected
very low expression levels of these three genes in the fin bud
in wild-type or hanc99 mutants (Figure S4). Therefore, the
different gene expression levels observed by quantitative real-
time PCR are likely caused by differences in the LPM and not
in the fin bud.980 Developmental Cell 18, 973–984, June 15, 2010 ª2010 Elsevier ITo test whether misregulation of MMPs is related to the LPM
migration defects in hanc99 mutants, we knocked down
MMP14a function by injecting MO into wild-type and hanc99+/
embryos (Coyle et al., 2008). Injecting 2.5 ng of an mmp14a
MO blocked gut looping in all the wild-type and hanc99+/
embryos examined (data not shown). When 0.5 ng of the
MO was injected, a significantly higher proportion of hanc99+/
than wild-type embryos showed gut-looping defects
(Figure 7B), suggesting that downregulation of mmp14anc.
Figure 7. Expression of mmp Genes and Their
Inhibitors Is Altered in hand2 Mutants
(A) Comparison of mmp and timp expression in wild-type
and hans40/ samples by quantitative real-time PCR
(two independent experiments, three replicates of wild-
type and hans40/ samples each time). The results are
represented as relative expression levels that are normal-
ized to b-actin (mean ± SEM).
(B) Proportion (mean ± SEM) of wild-type embryos
(n = 29), wild-type embryos injected with 0.5 ng of
mmp14a MO (n = 44), hanc99 heterozygotes (n = 55), and
hanc99 heterozygotes injected with 0.5 ng of mmp14a
MO (n = 70) showing gut-looping phenotypes according
to foxa3 expression. Three independent experiments
were conducted.
(A and B) Asterisks indicate statistical significance:
*p < 0.05; **p < 0.01.
(C) Diagram of Hand2 regulating asymmetric LPM migra-
tion during zebrafish gut-looping morphogenesis. See
also Figure S4.
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Hand2 Regulates ECM Remodelingcontributes to the gut-looping defects observed in hanc99
mutants.
In summary, loss of Hand2 function alters the expression
levels ofmmps and their inhibitors, likely leading to the observed
reduction of MMP activity at the LPM/gut boundary in hand2
mutants.
DISCUSSION
Our study provides new insights into the molecular regulation of
ECM remodeling and its role in vertebrate organmorphogenesis.
We show that localized diminishment of laminin deposition by
MMPs is required for the asymmetric migration of the LPM
during zebrafish gut looping. We also identify the bHLH
transcription factor Hand2 as a novel regulator of MMP activity
in this process.
During tumor invasion and developmental processes such as
angiogenesis and bone remodeling, MMP-dependent ECM
remodeling releases cells and allows them to migrate (Fisher
et al., 1994; Ray and Stetler-Stevenson, 1994; Blavier and
Delaisse, 1995). During zebrafish gut looping, ECM remodeling
is required for the asymmetric cell rearrangements within the
LPM. It is unlikely to be the direct underlying mechanism for
the asymmetry because MMP activity is detected in both the
left and right LPM. A recent study in Drosophila showed that
MMP2 inhibits Fgf signaling during air sac development (Wang
et al., 2010). Similarly, MMPs may modulate the activity of
growth factors or their receptors by cleaving them or releasingDevelopmental Cell 18,them from the ECM. Such molecules may
send signals to guide the asymmetric migration
of the LPM. Notably, the ‘‘rolling’’ behavior
observed in the right LPM is similar to the cell
behaviors underlying the internalization move-
ments during fish and amphibian gastrulation
(reviewed by Solnica-Krezel, 2005), and also
shows similarities with the collective migration
of myoepithelial cells during mammary branch-
ing morphogenesis (Ewald et al., 2008). Thesignaling molecules involved in cell internalization during
gastrulation or mammary branching morphogenesis could be
candidates for those that are modulated by MMPs during the
asymmetric migration of the LPM.
We found that Hand2 regulates two separate aspects of
the asymmetric LPM migration (Figure 7C). First, Hand2 plays
a unique role in regulating left/right gene expression. Whereas
most zebrafish mutants defective in left/right asymmetry show
bilateral or randomized expression of left-specific genes (Bis-
grove et al., 2000), left-sided gene expression is absent in
hand2 mutants. Mutations perturbing two components of Nodal
signaling, one-eyed pinhead (oep) (Yan et al., 1999) and schmal-
spur (sur)/foxh1 (Pogoda et al., 2000), also abolish left-sided
gene expression in the LPM (Bisgrove et al., 2000). However,
gut looping is randomized in oep and sur mutants, but fails to
occur in hand2 mutants. It is not clear how bilaterally expressed
hand2 controls left-sided gene expression. Given that oep and
sur are both expressed bilaterally in the LPM prior to the onset
of left-sided spaw expression (Bisgrove et al., 2000), it will be
interesting to investigate whether Hand2 facilitates Nodal
signaling by modulating oep and/or sur expression or function.
Subsequently, Hand2 regulates MMP activity essential for the
asymmetric migration of the LPM. Expression levels of mmps
and timps are altered in hand2 mutants, providing a possible
mechanism by which Hand2 mediates MMP activity. Whereas
zebrafish appears to contain only a single hand gene (Angelo
et al., 2000; Yelon et al., 2000), amniotes contain two partially
redundant Hand genes, Hand1 and Hand2 (Cross et al., 1995;973–984, June 15, 2010 ª2010 Elsevier Inc. 981
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evidence have indirectly implicated Hand1 in cell migration and
ECM remodeling. In Hand1-null mice, vascular smooth muscle
cells fail to be recruited to the yolk sac vasculature (Morikawa
and Cserjesi, 2004). Hand1/ trophoblast stem cells exhibit
decreased invasion rates through basement membranes
in vitro (Hemberger et al., 2004). And in a screen for putative
targets of Hand1 during cardiac morphogenesis in mouse,
several genes involved in actin cytoskeleton and ECM remodel-
ing were found to be differentially expressed between wild-type
and Hand1 mutants (Smart et al., 2002). It will be interesting
to test whether the expression of these genes is also altered in
zebrafish hand2 mutants, and whether they also play a role
during the asymmetric migration of the LPM.
Hand2 is expressed in a number of cell types that undergo
active migration during development (Angelo et al., 2000; Yelon
et al., 2000). Upregulation of Hand2 expression has also been
reported in pancreatic neoplasm (Cavard et al., 2009). It will be
important to investigate whether the regulation of ECM remodel-
ing by Hand2 during zebrafish LPMmigration is also employed in
other cell-migration processes, including metastasis. Similarly, it
appears to be important to revisit the described cell-fate speci-
fication and differentiation defects in Hand mutants (reviewed
by Firulli, 2003), and to determine whether they may at least
partly be explained by defects in ECM remodeling. These studies
should further advance our understanding of ECM remodeling in
development and disease.EXPERIMENTAL PROCEDURES
In Situ Hybridization and Immunohistochemistry
Whole-mount in situ hybridization was performed as described (Thisse et al.,
1993) using the following probes: fn1 (Trinh and Stainier, 2004), spaw, foxa3,
hand2, bmp2b, chordin (Miller-Bertoglio et al., 1997), mmp14a (Coyle et al.,
2008), timp2a (Zhang et al., 2003), and timp2b (Coyle et al., 2008). Fifteen
micron cryostat sections were obtained by using a cryostat microtome (Leica).
Embryos and sections were photographed with a Zeiss Axioplan using an
Axiocam digital camera.
Immunohistochemistry was performed on 150 mm vibratome sections as
described (Trinh and Stainier, 2004). To ensure that equivalent tissues were
examined, we determined the anterior-posterior position of the transverse
sections based on a series of landmarks, including neural tube closure, the
presence of lateral line neuromasts and fin buds, and the cellular structure
of the pronephric ducts. We used the following antibodies: chick anti-GFP
(Aves Labs) at 1:1000, rabbit anti-Fibronectin (Sigma) at 1:100, rabbit
anti-phospho-Smad1/5/8 (Cell Signaling Technology) at 1:100, mouse anti-
ZO-1 (Invitrogen) at 1:200, rabbit anti-laminin (Sigma) at 1:100, and phalloidin
(Molecular Probes) at 1:100. Sections were imaged on a Zeiss Pascal confocal
microscope. To measure the fluorescence intensity of phospho-Smad
staining, we encircled individual nuclei labeled by phospho-Smad antibody
in ImageJ and measured the mean fluorescence intensity of the area.
Microinjection and DQ-Collagen IV Injections
MOmicroinjectionswereperformedasdescribed (Horne-Badovinacetal., 2001).
spaw MO: 50-GCACGCTATGACTGGCTGCATTGCG-30 (Long et al., 2003);
mmp14aMO: 50-GACGGTACTCAAGTCGGGACACAAA-30 (Coyle et al., 2008).
Human collagen (Chemicon) was conjugated with an Alexa549 tag using the
Dylight fluor antibody-labeling kit (Pierce). One nanogram of DQ-collagen
substrate and 1 ng of Alexa549-conjugated collagen were coinjected into
the embryos as described (Crawford and Pilgrim, 2005). Injection of
DQ-collagen IV did not seem to interfere with LPM migration or gut looping.
To confirm the MMP dependence of the observed fluorescence signal,
embryos were preinjected with the MMP inhibitor GM6001, allowed to recover982 Developmental Cell 18, 973–984, June 15, 2010 ª2010 Elsevier Ifor 30 min, and injected again with the DQ-collagen substrate. The fluores-
cence intensity measurement was conducted in ImageJ. We drew a sharp
line at the most medial tip of the leading Tg(hand2:EGFP)-expressing cells
(Figures 6D and 6E, orange and pink bars), and obtained the fluorescence
intensity of the fluorescein and Alex549 along this line by using the ‘‘Measure’’
function. The maximum values were used for quantification.
Heat-Shock Experiment and Chemical Inhibitor Treatment
Heat-shock treatments of Tg(hsp70l:bmp2b)f13 and Tg(hsp70l:dnBmpr-GFP)w30
embryos were performed as described (Chung et al., 2008).
To inhibit MMP activity, embryos were treated with 10 mM GM6001 (Chem-
icon) in egg water (Bai et al., 2005). Control embryos from the same batch were
treated with 0.4% DMSO in egg water. Statistical analyses were performed
using the Student’s two-tailed t test.
FACS Sorting and Quantitative Real-Time PCR
One hundred Tg(hand2:EGFP) wild-type and 100 hans40 mutants were
collected at 28 hpf, with the heads and tails removed. The samples were
dissociated in 1 ml 5% FBS/HBSS with Liberase 3 (Roche) at 37C for 1 hr.
The cells were filtered with a 40 mm nylon strainer and the Tg(hand2:EGFP)-
expressing cells were sorted using a Becton Dickinson FACS ARIA 2.
Total RNA was extracted and purified using a QIAGEN RNeasy Micro Kit.
RNA amplification and cDNA preparation were conducted using aWT-Ovation
Pico System (NuGen). Optimized primers targeting each gene were designed
using the Plexor Primer Design System (Promega) (Table S1). Five nanograms
of each cDNA sample and the appropriate primers were added to Power SYBR
Green Master Mix (Applied Biosystems). The 7900HT Real-Time PCR System
(Applied Biosystems) was used to obtain the Ct value, which is the number of
PCR cycles that elapse before the threshold is reached. It is used as ameasure
of the input nucleic acid. The relative expression of each sample was deter-
mined after normalization to b-actin using the relative standard curve method
(Larionov et al., 2005).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at
doi:10.1016/j.devcel.2010.05.009.
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